Context: The cellular basis of persistent b-cell function in type 1 diabetes (T1D) remains enigmatic. No extensive quantitative b-cell studies of T1D pancreata have been performed to test for ongoing b-cell regeneration or neogenesis.
T ype 1 diabetes (T1D) is an autoimmune disease that leads to dramatic b-cell loss and insulin deficiency (1) (2) (3) (4) (5) (6) . Reports of patients with T1D with persistent b-cell function have led to various theories to explain b-cell persistence, including ongoing b-cell regeneration, surviving hyperfunctioning b cells, b-cell neogenesis, and b cells that avoid immune system detection. However, these theories have not been thoroughly tested due to a variety of challenges, including scarcity of human T1D pancreata, low basal rates of endogenous b-cell turnover, and absence of high-throughput imaging methodologies. Consequently, the cellular basis of variable b-cell function in T1D pancreata remains poorly understood. Conclusive studies to determine the histopathology of b-cell persistence and turnover are essential to understand the pathogenesis of T1D and to direct the development of therapies.
Although exogenous insulin can transiently improve b-cell function in patients with T1D, insulin production [measured by connecting peptide (C-peptide)] progressively declines thereafter (7) (8) (9) . Thus, major efforts are currently underway to preserve b-cell function in newly diagnosed patients with T1D by using various immunosuppressive agents (10) . Several investigators have reported that a few b cells continue to function in longstanding T1D, as measured by C-peptide (11, 12) . These observations imply that some b-cell function can persist in longstanding T1D. However, the anatomical correlates to this persistent b-cell function remain poorly understood.
Pioneering histological studies by Maclean and Ogilvie (13), Gepts et al. (2) , Evans (14) , Löhr and Klöppel (15) , Foulis et al. (16, 17) , Butler et al. (4, 18) , and others (6, 19, 20) established that b cells persist in T1D pancreata. b cells are readily detected in pancreata of patients with new-onset T1D during autoimmune attack and gradually disappear (1, 13) . However, b cells often persist in T1D pancreata several years after diagnosis, even in rare individuals with longstanding T1D (2, 4, 6, (13) (14) (15) (16) (17) (18) (19) (20) .
The cellular basis for persistent b cells in longstanding T1D remains enigmatic. In 1985, Gepts et al. (21) noted that "a major problem in the pathology of diabetes is whether the b-cells regenerate." More than 30 years later, the debate continues regarding the mechanism of b-cell persistence in T1D. Studies revealed that substantial b-cell proliferation could occur during autoimmune attack in rodents (22) (23) (24) (25) . Similar phenomena have been asserted in human T1D pancreata (18, 26) . The various theories of b-cell persistence in T1D parallel the major theories proposed in postnatal b-cell mass expansion, including self-renewal of b cells, contribution of tissue stem cells, and transdifferentiation from other islet endocrine sources such as a cells (27, 28) . However, the lack of consensus regarding the mechanism of b-cell persistence is not surprising, given the technical challenges involved in studying b cells in T1D.
We performed the first comprehensive study of human b-cell mass and turnover between nondiabetic and T1D pancreata across ages. We analyzed T1D and control pancreatic samples for b-cell mass, b-cell proliferation, b-cell death, ductal neogenesis, and a-to b-cell transdifferentiation. We found that T1D pancreata do not show any evidence of increased compensatory b-cell turnover, neogenesis, or a-to b-cell transdifferentiation. We concluded that b cells simply persist in longstanding T1D, without ongoing generation of new b cells.
Research Design and Methods

Human pancreatic samples
Anonymized, formalin-fixed, paraffin-embedded pancreas tissue sections were obtained from the Juvenile Diabetes Research Foundation Network for Pancreatic Organ Donors with Diabetes (nPOD) after acquiring a waiver from the Baylor College of Medicine Institutional Review Board. All consecutive T1D cases were selected on the basis of availability at the time of the onset of the study. Other cases were added later to fill out age cohorts. Over time, the nPOD pool grew to include 128 T1D samples. All tissues were processed by nPOD according to standardized operating procedures (http://www.jdrfnpod.org/for-investigators/standardoperating-procedures/). Paraffin-embedded tissues were fixed in 10% neutral buffered formalin for 24 hours, and for up to 40 hours for pancreata with high fat content. Hematoxylin and eosin stainings were obtained through nPOD.
Sample population
A total of 59 nondiabetic control individuals (37 male, 22 female) and 47 individuals with T1D (26 male, 21 female) were selected across age groups: infants (0 to 1.4 years), children (1.5 to 13.9 years), adolescents (13 to 20.9 years), young adults (21 to 39 years), and older adults ($40 years). Recent-onset T1D is defined as disease duration #10 years. Additional cohort information can be found in Tables 1 and 2 and Supplemental Tables  1 and 2 . An additional 32 nondiabetic control and 60 T1D pancreas weights were acquired from the nPOD Datashare.
Immunohistochemistry
Paraffin sections were incubated with primary antisera, guinea pig anti-insulin (A0564; Dako, Carpinteria, CA), mouse anti-Ki-67 (550609; BD Biosciences, San Jose, CA), mouse anti-Nkx6.1 (DSHB, Iowa City, IA), sheep anti-ARX (AF7069; R&D Systems, Minneapolis, MN), rabbit antiglucagon (ab8055; Abcam, Cambridge, United Kingdom), mouse antiglucagon (ab10988; Abcam), rabbit antisynaptophysin (18-0130; Thermo Fisher Scientific, Waltham, MA), followed by secondary antisera conjugated to aminomethylcoumarin, Cy2, Cy3, or Cy5 (Jackson ImmunoResearch, West Grove, PA) and 4 0 ,6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Eugene, OR).
Morphometry
Slides were imaged to quantify b-cell morphometry using Volocity 6.1.1 (PerkinElmer, Waltham, MA), as previously described (29) . Images were acquired with Zeiss Axio Imager M1 (Carl Zeiss Microscopy, Thornwood, NY) with an automated X-Y stage and captured with Orca ER camera (Hamamatsu, Bridgewater, NJ), resulting in images of tens of thousands of individual nuclei per sample (summarized in Supplemental Table 3 ).
Proliferation analysis
Ki-67 + cells were measured within insulin-stained slides or 320 magnification colorimetric images from optimal cutting temperature compound (OCT)-embedded pancreas sections prepared by the nPOD core laboratory, available through the nPOD Datashare. Colorimetric insulin and DAPI were identified using a samplespecific red-green-blue color range, established through sampling of multiple data points. + b-cell and Ki-67 + acinar proliferation was calculated as percent total cell population. Acinar cells were identified as nonislet cells containing DAPI.
Total terminal deoxynucleotide transferase-mediated dUTP nick end labeling
Apoptosis analysis was performed in a random sampling of T1D cases, as previously described (30), with modification; n/a n/a 6011 46.0 F AA C/S n/a n/a n/a 6010 47.0 F W C/S n/a n/a n/a 6008 50.0 F W HT n/a n/a n/a 6168
89 n/a n/a 6020 60.0 M W C/S 2.82 n/a n/a 6016 64.0 F W C/S n/a n/a n/a 6013 65.0 M W C/S 2.8 n/a n/a Nondiabetic sample population: nPOD case number, age (years), sex, ethnicity, cause of death, C-peptide (ng/mL), HbA1c (%).
Abbreviations: A, Asian; AA, African American; AX, anoxia; CE, cerebral edema; C/S, cerebrovascular/stroke; DKA/CE, diabetic keto-acidosis/cerebral edema; H/L, Hispanic/Latino; HT, head trauma; n/a, not applicable; PH, pulmonary hypoplasia; W, white.
sections were predigested in 0.004% trypsin and identified with Cy5-labeled reagents. Total terminal deoxynucleotide transferasemediated dUTP nick end labeling (TUNEL)-positive b cells
were assessed in .95,000 islet cells per condition. In every sample, TUNEL-positive pancreatic ducts were imaged to ensure adequate TUNEL staining. T1D sample population: nPOD case number, age (years), duration of diabetes (years), sex, ethnicity, cause of death, C-peptide (ng/mL), HbA1c (%), positive autoantibodies and total autoantibody count (out of the four autoantibodies tested). T1D diagnosis for nPOD cases was based on review of terminal charts, clinical and biochemical testing, and histopathology. Consideration from medical records includes the donor's admission course, age, BMI, laboratory profiles (chemistry, urinalysis, toxicology), diagnoses, and medications. nPOD expert clinicians and pathologists assessed medical records in conjunction with the results of biochemical tests and histopathological analysis. These include autoantibody and C-peptide testing in addition to high-resolution HLA typing. Tissue sections were screened for histological features such as presence of amyloid, islet hormones, inflammation, and fibrosis.
Islet ductal neogenesis
Individuals with T1D who had residual b cells and controls were evaluated for evidence of ductal neogenesis. Islet images were classified into three possible categories: (1) solitary insulin-positive b cell in duct; (2) insulin-positive islet in duct; and (3) insulin-positive islets not associated with ducts. Results were quantified per individual and expressed as percent total islets.
a-cell to b-cell transdifferentiation
Control and T1D pancreata with persistent b cells were stained for insulin, Nkx6.1, glucagon, and ARX. Subjects with T1D with persistent b cells were defined as individuals with $1000 b cells in one pancreatic section.
Statistics
Results are reported as mean 6 standard error of the mean and compared with independent Student t tests (unpaired, two tailed). P , 0.05 was considered significant. Linear regression analysis was performed for correlations studies.
Results
Disordered islet histology in T1D
We carried out studies to determine islet and b-cell histopathology in T1D from a large cohort (Table 1;  Supplemental Tables 1 and 2 ). Slides were stained with antisera against insulin and synaptophysin (panendocrine islet cell marker) to characterize b cells and islet endocrine cells, respectively. Islet histology was dramatically disturbed in T1D pancreata. b cells were drastically reduced in individuals with T1D compared with controls ( Fig. 1) . b cells were widely present in islets of a few individuals with both recent-onset and longstanding T1D (Supplemental Fig. 1 ). However, most T1D samples contained few b cells, which were randomly scattered among pancreatic parenchyma ( Fig. 1(g-l) ; Supplemental Fig. 2) . No T1D samples contained b cells equivalent to age-matched controls (Supplemental Tables  1 and 2 ). In contrast, islet endocrine cells were readily detected in all pancreatic samples, including those from individuals with T1D of long duration [ Fig. 1(a), 1(d) , 1(g), and 1(j); Supplemental Fig. 1(a), 1(d), 1(g), and 1(j) ]. Pancreatic histology was grossly unaltered in many T1D samples and markedly abnormal in others, with interstitial fibrosis and acinar atrophy present in multiple pancreata (Supplemental Fig. 3 ; Supplemental Table 2 ).
Regional preservation of b cells within some T1D pancreata
As expected from previous studies (2, 19) , a few T1D samples exhibited regional preservation of b cells within distinct pancreatic lobes. These residual b cells were contained within islet clusters in specific areas of the pancreas [Supplemental Fig. 1(b), 1(e), 1(h), and 1(k) ]. Islet clusters containing residual b cells were not specifically located around ducts [Supplemental Fig. 4(a-l) ]. In contrast, islet endocrine cells were otherwise unaltered within pancreata containing residual b cells [Supplemental Fig. 1(a) Tables 4 and 5 ). We quantified b-cell persistence in T1D and control samples of various ages. As expected, b-cell area and mass were severely reduced (;88%) in pancreata from children with T1D compared with controls. b-cell area and mass were also reduced (91% and 95%, respectively), collectively, in pancreata from adolescents, young adults, and older adults with T1D [ Fig. 2(a-c) ; Supplemental Fig. 5(a-c) ]. b-cell mass increased with age in controls, but did not increase with age in T1D samples Fig. 1) (31) . Surprisingly, some samples with persistent b cells were from individuals with disease duration of .15 years.
Pancreatic mass is severely reduced in T1D
Although a recent report indicates that pancreatic mass is reduced in T1D (32), the impact of T1D upon agerelated pancreatic mass expansion remains unclear. Consequently, we examined the relationship between pancreas mass and age in control and T1D pancreata. Pancreas mass increased with age, weight, and body mass index (BMI) in controls [Supplemental Fig. 6(a-g) ; Supplemental Table 6 ], a finding consistent with results of prior studies (33, 34) . In contrast, pancreas mass did not increase with age in T1D samples. T1D pancreas mass was similar in children compared with controls (24.3 g vs. 26.9 g; P = 0.56). But pancreas mass was reduced by 49% in adolescent, young, and older adult T1D pancreata [Supplemental Fig. 6(h-k) ]. Pancreas mass was reduced more severely in young (40.4 g vs. 84.8 g; P , 0.0001) and older adults (40.8 g vs. 81.7 g; P , 0.0001) with T1D. Collectively, these findings indicate that T1D impairs pancreatic mass expansion with age.
Relationship between residual b cells and serum C-peptide
Residual b-cell function in patients with longstanding T1D could be associated with anatomical preservation or regeneration of b cells. We compared serum C-peptide measurements with b-cell area and mass in T1D samples. C-peptide was undetectable if ,0.05 in many longstanding T1D donors with the assay used in the current study, but low levels of C-peptide might have been detectable with the current generation of C-peptide assays (12) . C-peptide was associated with both b-cell area and mass in T1Ds but not controls (Supplemental Fig. 7 ; Supplemental Tables 4 and 5 
b-cell replication declines with age; no compensatory b-cell proliferation in T1D
To test if persistent b-cell function in T1D is due to ongoing generation of new b cells, we measured b-cell proliferation to detect possible compensatory b-cell turnover. As expected from previous studies (33, 35) , b-cell proliferation was high in infants but decreased dramatically thereafter in control pancreata [ Fig. 3 (a-c) and 3(g); Supplemental Table 7 ]. Control infants exhibited the highest amount of b-cell proliferation (up to 5.28%). In contrast, young and older control adults displayed little b-cell turnover (0% to 0.30%). Children with TID exhibited the highest b-cell replication rates (up to 1.33%), whereas young and older adults exhibited the lowest (0% to 0.08%) [ Fig. 3(d-f) and 3(h); Supplemental Table 8 ]. There was no relationship between b-cell proliferation and body weight or BMI in control or T1D pancreata (Supplemental Fig. 8) .
Surprisingly, b-cell proliferation rates for individuals with T1D were similar to those of controls in both children and adolescents and young and older adults [ Fig.  3(i) and 3(j) ]. Notably, b-cell proliferation was higher in individuals with T1D who had a shorter duration of diabetes compared with those with longstanding disease [ Fig. 3(k) and 3(l) ]. Although this result could be interpreted as attempted b-cell regeneration in T1D, the samples with higher b-cell proliferation represented the youngest age groups with T1D samples. Indeed, b-cell proliferation was unaltered in these T1D pancreata when compared with age-matched controls (Supplemental Tables 7 and 8 ). Our results therefore confirm agedependent reduction in b-cell proliferation and refute a b-cell proliferative response to TID.
We considered the possibility that pancreatic tissue degradation could reduce Ki-67 immunoreactivity within b cells of some samples. Consequently, we quantified acinar cell proliferation in every control and T1D sample. Reassuringly, Ki-67 was readily detectable within acinar cells within every case in abundance (Supplemental Fig. 9 ; Supplemental Tables 7 and 8 ). Although this result does not rule out the possibility of pancreatic sample degradation, minimal b-cell turnover does not seem to be associated with a lack of Ki-67 immunoreactivity throughout the pancreas.
We studied whether tissue fixation could reduce Ki-67 in b cells. We examined images from a random sampling of control and T1D cases from the nPOD online database to ensure that Ki-67 could be reliably detected within 
T1D samples with low Ki-67
+ insulin-positive cells (Supplemental Fig. 10 ). We quantified images from the nPOD image database of OCT-embedded frozen pancreas, paraffin-embedded pancreas, and paraffin-embedded spleen tissues. Reassuringly, no obvious differences were discernible between paraffin and OCT-embedded tissues (Supplemental Fig. 10 ; Supplemental Table 9 ).
T1D individuals with residual b cells do not have increased b-cell death
To test for ongoing b-cell destruction in T1D, we quantified b-cell TUNEL in a representative cohort of control and T1D pancreata. TUNEL was readily detectable within occasional pancreatic ducts [Supplemental Fig. 11(a) ]. Controls exhibited minimal b-cell death, as assessed by TUNEL (Supplemental Fig. 11 ; Supplemental Table 10 
b-cell turnover was not associated with pancreas harvest conditions
Pipeleers and colleagues (36) reported that b-cell proliferation was increased in samples of donor organs from young patients after prolonged life support or intensive care unit (ICU) stay ($3 days). We considered whether b-cell turnover might be confounded by postmortem state or organ harvest conditions. However, there was no association between duration of ICU stay and b-cell proliferation within control or T1D populations [ Fig. 4(a) and 4(b); Supplemental Table 11 ]. Acinar cell proliferation was strongly associated with prolonged ICU stay in controls, but was not associated with b-cell proliferation, T1D status, or duration of diabetes [ Fig. 4(c-h) ; Supplemental Fig. 9(a-e) ]. Thus, proliferation within pancreatic parenchyma is strongly correlated with the length of ICU stay. Although length of ICU stay appears to have opposing effects on acinar cell and b-cell proliferation, we cannot formally exclude possible contributions of the length of ICU stay on b-cell proliferation without a large cohort that matches the strict criteria used by Pipeleers et al. (36) .
Additional concerns have been raised regarding the potential impact of warm or cold ischemia to reduce Ki-67 immunoreactivity and therefore confound measurement of human islet cell turnover (37). However, b-cell proliferation was readily detected in neonatal samples [ Fig. 3 (a) and 3(g); Supplemental Table 7 ]. Moreover, pancreatic transit time did not correlate with b-cell proliferation [Supplemental Fig. 9 (f) and 9(g); Supplemental Tables 4, 5, and 11] . No association was found between acinar cell proliferation and pancreas transit [Supplemental Fig. 9(h) and 9(i) ]. Nevertheless, because of the inherent limitations in autopsy studies, we cannot formally rule out the possibility that sample degradation could explain the lack of b-cell turnover within control or T1Ds samples.
No evidence for ductal neogenesis within T1D pancreata with persistent b cells b-cell neogenesis from ductal progenitors has been widely speculated to contribute to b-cell persistence in T1D, in part due to scattered reports that describe persistent b cells in ducts of T1D pancreata (18, 20) . To test this hypothesis, we quantified solitary insulin-positive cells and insulin-positive islets within pancreatic ducts. We carried out our analysis in controls and T1D samples with substantial residual b cells. However, insulinpositive cells within pancreatic ducts were extremely rare in controls and absent in T1D samples (Supplemental Fig. 4 ; Supplemental Table 12 No apparent a-cell to b-cell transdifferentiation in T1D
To determine if a-cell to b-cell transdifferentiation is associated with b-cell persistence in T1D pancreata, we tested for insulin and glucagon coexpression within T1Ds with residual b cells and aged-matched controls. Insulin/ glucagon coexpression was extremely rare. Although a few a cells and b cells partially overlapped (due to compact three-dimentional islet architecture), no cells perfectly overlapped with a single DAPI nucleus (Supplemental Table 13 ).
We then simultaneously stained insulin and Nkx6.1 for b cells and glucagon and ARX for a cells. We hypothesized that a-to b-cell or b-to a-cell transdifferentiation would be revealed by a combination of a-and b-cell markers. Of the 42,043 a and b cells observed, there was minimal evidence of a-to b-cell transdifferentiation ( Fig. 5 
Discussion
By analyzing a large cohort of nPOD pancreata, we found that b cells in longstanding T1D pancreata were rare. Indeed, many T1D pancreata had few residual b cells, if any, regardless of disease duration. We found no relationship between individuals with T1D with persistent b cells and various parameters, including sex, age, ethnicity, disease duration, autoantibodies, and body weight/ BMI. In contrast, C-peptide was correlated with b-cell mass in T1D samples.
As expected from studies of recent-onset T1D cases (4, 31) and in longstanding disease (1, 6, 18, 38) , b-cell mass declined with disease duration. A few of our T1D samples had substantial b-cell mass. Studies by Keenan et al. (19) suggest that residual b cells are observed in some individuals with T1D after a diabetes duration of 50 years. However, our primary findings of minimal b-cell mass in longstanding T1D are similar to the results of others. Nakanishi and colleagues (38) indicated that b-cell mass in T1D samples was reduced by 90% compared with controls. Similarly, Butler and colleagues (18) reported that b-cell area was nearly undetectable (0.027%) in T1D (n = 42). Diedisheim and colleagues (39) reported that seven T1D samples from nPOD with disease duration of five to 25 years had little (if any) b-cell mass. Finally, CampbellThompson and colleagues (6) studied an extensive cohort of 54 T1D nPOD samples and observed that b-cell mass was nearly undetectable in the vast majority of samples. In agreement with these reports, b-cell mass was often undetectable in our T1D samples.
We found that b-cell replication dramatically decreases with age after infancy, confirming previous reports (33) . b-cell proliferation did not increase within the few b cells that persisted within adult T1D pancreata. Interestingly, b-cell TUNEL (death) was very low in control and TID samples. To our knowledge, our study represents the largest cohort of T1D pancreata analyzed for b-cell turnover. Additionally, we found no evidence for ductal b-cell neogenesis in T1D pancreata, or a-to b-cell transdifferentiation. Thus, longstanding b-cell function in patients with T1D appears to be largely due to b-cell persistence, without any evidence of attempted b-cell regeneration through increased b-cell proliferation.
The 3D structure of the islet makes it difficult to discern if a cell is truly copositive for insulin and glucagon (or if two cells are lying superior/inferior to one another). Attempts to address whether a-to b-cell transdifferentiation exists have been hindered by the lack of objective tools to identify these cells undergoing transdifferentiation. Using multiple cellspecific markers, high numerical aperture objectives, highthroughput microscopy, and automated image analysis, we searched for a-to b-cell transdifferentiation. No cell conclusively coexpressed glucagon and insulin at the levels of mature a cells or b cells in control or T1D pancreata. However, we found rare indirect evidence of transdifferentiation: a tiny fraction of islet endocrine cells expressed both a-and b-cell markers in controls, but none in T1D. Thus, by the methods used, a-to b-cell transdifferentiation was not readily detected in T1D. Autopsy tissue studies are complicated by potential confounding variables, including cause and conditions of patient death, tissue harvest and fixation conditions, and other preexisting medical conditions prior to patient death. In a massive study of 363 nondiabetic individuals by Pipeleers and colleagues (36) , samples in the top 10% with respect to b-cell proliferation were more likely to be from young patients with prolonged life support. Our cohort was not sufficiently powered to test the impact of ICU stay by stratifying patients according to these criteria. As a result, we cannot directly compare our results with those of Pipeleers and colleagues (36) . Thus, although we find no association between ICU stay and b-cell turnover, we cannot formally exclude possible contributions of the length of ICU stay on proliferation of b cells in control and T1D pancreata. Hopefully, future surgical studies will resolve these outstanding issues.
Tissue fixation conditions, including duration and fixative, represent potential confounders of our study. Although overfixed tissues could result in understaining of Ki-67 or other antigens, we were able to readily detect these markers in all pancreatic samples in various tissue compartments. In all of our samples, we detected insulin, synaptophysin, and Ki-67; we also readily detected glucagon, ARX, and Nkx6.1 in a subset of samples (Supplemental Tables 12 and 13) . We were always able to detect our desired antigen in our samples. Thus, although we do not favor tissue fixation as an explanation for low Ki-67 content in pancreata from aged individuals, we cannot formally rule out this possibility. Although autopsy specimens may have potential limitations for the study of cell turnover of pancreatic exocrine parenchyma, cadaveric pancreata provide a unique window into human b-cell turnover to further our understanding of T1D.
In summary, T1D pancreata show little evidence of ongoing b-cell generation. Our findings are consistent with our prior studies, in which we indicated that there was limited b-cell regenerative capacity in aged mice (40) . Thus, future therapies to regenerate b cells from endogenous sources must overcome low rates of b-cell turnover to generate substantial b cells in patients with T1D.
